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Abstract The present study explores the innocuous, biocom-
patible, and extremely competent molecularly imprinted
chitosan/RTIL electrospun nanofibers having average diame-
ter of 30 nm for the expulsion of thorium (IV) ions from the
mimicked effluent waste. The extended Flory–Huggins theory
and three-dimensional molecular modeling have been effec-
tively premeditated via Materials Studio software for enumer-
ating the inter-miscibility and compatibility (Chi parameter
(χ) = 1.019, mixing energy (Emix) = 0.603 kcal/mol) of the
chitosan/RTIL (1-butyl-3-methylimidazolium tetrafluorobo-
rate). The maximum adsorption efficiency is found to be
90% at a neutral pH of 7, and a temperature of 298 K within
120 min. The adsorption process was extensively studied by
two-parameter adsorption isotherms like Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich (D–R) and
three-parameter models like Redlich–Paterson and Sips iso-
therm. Pseudo-second-order kinetics model (R2 = 0.982) and
Langmuir isotherm (R2 = 0.994) bestowed the best fitting on
chitosan/RTIL nanofibers for the adsorption of Th (IV) ions.
The thermodynamic study reveals the spontaneity and exo-
thermic nature of the reaction. The experimental analysis
conjoint with isotherm and kinetic models, and simulation
study establish the applicability of chitosan/RTIL nanofi-
bers for the expulsion of Th (IV) and other toxic metal ions
from the effluents.
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Introduction
Globally, the eviction of radioactive junks into the subsurface
and the marine ecosystem is a trepidated obsession and a
cause for ultimate quandary to the life of living organisms
(Matishov et al. 2017). Thorium (IV) is a radioactive fission-
able metal ion, and the embodiment of its radioactive isotopes
in living body over a period of time could cause several health
hazards like neurotoxicity and other noxious diseases (Findeiß
et al. 2017). One of the accessible methods to avoid this con-
cern is to recycle and abstract the toxicants.
Researchers have extensively explored various sundry con-
servative methods like photo reduction, lime ingenerating,
coagulation–flocculation, membrane filtration, chemical pre-
cipitation, etc., for the expulsion ofmetal ions from the aquatic
system (Gonte et al. 2013). William and Lindesen (1957)
demonstrated the ion exchange slurry process for the removal
of radioactive toxicants from the marine ecosystem. Summers
et al. (1988) demonstrated the removal of radioactive iodine
from the water by the reactive precipitation method. Gonte
et al. (2013) investigated the adsorption of toxic metal ions
like Hg using natural cellulose beads. Despite the exploration
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of various reported methods, they still need improvement in
selective-sensing and economic viability.
Biosorption is one of the efficient methods for the removal
of toxic metal ion, and its selectivity is heightened by the ion
imprinting process (Gonte et al. 2013). Ion imprinting method
facilitates the selective sensing and entrapment of ions by the
chemical linkage in the imprinted cavity (Liu et al. 2011a, b;
Whitcombe et al. 2014). Ion imprinting established the capa-
bility to envisage the material structure by the template forma-
tion of atoms, ions, or molecules (Liu et al. 2011a, b;
Whitcombe et al. 2014). Soheil et al. (2014) have reported
the Cu(II) ion removal enhancement by the ion-imprinted
membrane system. Qiang et al. (2007) demonstrated the heavy
metal ion adsorption using imprinted adsorbate. Ran et al.
(2013) reported the ovalbumin adsorption by the molecular
imprinted modified chitosan, copolymerized with multiform
functional monomers. Highly effective and ingenious and
non-toxic adsorptive materials are required for the efficient
confiscation of metal ions. The present work utilizes ion-
imprinted chitosan electrospun nanofibers engineered with
RTIL for the selective uptake of Thorium ions.
The biodegradable, biocompatible, non-toxic chitosan is
the second most munificent biopolymer present in nature ex-
tracted from 2-acetamido-2-deoxy-D-glucopyranose
(Mekonnen et al. 2013; Ebru et al. 2006; Hudlikar et al.
2014). By virtue of its hydrophilic hydroxyl groups and pri-
mary amino groups (–OH, –NH2) in the sixth position, chito-
san exhibits high reactivity. Soheil et al. and Ebru et al. ex-
plored the selective sensing and adsorption of Cu (II) and
thorium (Soheil et al. 2014) ions by molecular ion-imprinted
(MIP) chitosan and chitosan-phthalates, which are modified
by chelating agents (Ebru et al. 2006). The adsorption capacity
can be enhanced by the facile electrospinning technique and
by the incorporation of RTIL (1-butyl-3-methylimidazolium
tetrafluoroborate) (Bingjie et al. 2011; Chenyang et al. 2014;
Schiffman) whose miscibility and compatibility are confirmed
by the extended Flory–Huggins theory and atomistic molecu-
lar modeling (Chenyang et al. 2014; Ahmadi and Freire 2009).
The present study focuses on the modification of RTIL (1-
butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4)
with the adsorptive chitosan for improving the applicability
and enhancement of adsorptive efficiency. BMIM-BF4 has
been used due to its negligible vapor pressure, high thermal
stability, high electrochemical stability, and low flammability
(Bingjie et al. 2011; Chenyang et al. 2014). The chitosan/
RTIL nanofibers are fabricated through the electrospinning
process for the enhancement of surface area and roughness
(Schiffman and Schauer 2007a, b). Chenyang et al. (2014)
studied the effect of RTIL on the surface of electrospun poly
(vinylidene fluoride) nanofibers. The facile electrospinning
process in the presence of charged RTIL augments the surface
roughness and generates copious adsorptive sites (Schiffman
and Schauer 2007a, b).
In the present study, we have demonstrated the adsorption
and the selective sensing of thorium (IV) ions by amassed ion
imprinted chitosan/RTIL nanofibers by electrospinning tech-
nique. The embodiment of ionic liquid enhances the porosity,
surface roughness, and surface area of the chitosan/RTIL nano-
fibers (Chenyang et al. 2014). The results show that RTIL in
the imprinted cavities augment the ionic charges required for
the adsorption, and the electrospinning provides large surface
area. The feasibility and efficiency of the adsorptive system
were analyzed by the detailed investigation of adsorption iso-
therms and the kinetics at optimized conditions. The surface
morphology was investigated by FE-SEM, and the compatibil-
ity of the chitosan and ionic liquid was investigated using the
modified Flory–Huggins theory via Materials Studio software.
Experimental
Materials
The extracted chitosan (N-acetyl-D-glucosamine,
Mw = 100,000–105,000 Da) from Aspergillus mucor niger,
and polyvinyl alcohol (PVA) (Mw = 125,000 Da) were pur-
chased from Sigma Aldrich, India. Ionic liquid, 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF4-) (BASF
quality) was supplied by Sigma Aldrich (USA). Thorium ni-
trate (N4O12Th) (Kemphasol, India), hydrochloric acid (HCl-
37%), and formic acid (HCOOH– 88%) (Alfa Aesar, India),
polyvinyl alcohol (C2H4O)n, glutaraldehyde (CH2
(CH2CHO)2) and Arsenazo (III) (Sigma Aldrich Pvt. India.),
acetic acid (C2H4O2)(Thomas bakers) PBS buffer, and citrate
buffer (pH = 3.0) ((HPLC), India) were procured. The
analytical-grade reagents are used for all experiments in this
study. Purified deionized water obtained by Millipore Milli-Q
system was used for all experiments.
Method
The chitosan/RTIL homogenous solution was formulated by
dissolving chitosan (3%) in acetic acid (5%) and integrating to
the 8% PVA solution and stirred for 2 h utilizing magnetic
stirrer at room temperature. Chitosan/RTIL mixture was pre-
pared by adding 1-butyl-3-methylimidazolium tetrafluorobo-
rate (BMIM-BF4) (0.5, 1, 2, 3, 4, 5, 10 wt%) drop wise and
continue the stirring for 1 h. The ion-imprinted solution was
formulated by adding thorium nitrate (0.01 wt%) to the solu-
tion and stirred, which was used as the precursor solution for
electrospinning. The possible interaction between chitosan
and RTIL has been shown pictorially in Fig. 1.
The stock solution for the adsorption experiment was for-
mulated by dissolving 1000 ppm of Th (NO3)4 in DI water.
The concentration of thorium ions in the solution was mea-
sured by using a UV–Vis spectrometer (Lambda 35, UV/VIS
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Spectrometer PerkinElmer Inc., USA). The pH of the solution
was maintained using weak acids and bases. The adsorption
experiment was conducted by using 20 mL of Th (NO3)4
solution in a 50-mL standard flask, integrated definite amount
of chitosan/RTIL to the solution. The adsorption process and
the Th (IV) ion concentration were premeditated by using a
UV–Vis spectrometer (Lambda-35, UV-VIS Spectrometer,
Perkin Elmer Inc., USA) at regular interval of time (15 min).
The Arsenazo (III) dye in the stock solution gives peaks at
655 nm and attains equilibrium within 2 h.
Electrospinning
The nanofibers from chitosan/RTIL solution were electrospun
from the viscous solution in the presence of high electric field
(Roosen et al. 2014). The amalgamated solution of chitosan
(3%), PVA (8%), thorium nitrate (0.01 wt%), and RTIL
(3 wt%) was added into the 10-mL glass syringe with a
feeding rate of 0.5 ml h−1, and viscosity of the solution was
maintained as 500 cP as calculated by Brookfield viscometer
(Schiffman and Schauer 2007a, b; Sun et al. 2014). The addi-
tion of PVA helps in maintaining the extensional viscosity,
i.e., 500 cP, of the solution. The optimum applied voltage
was adjusted to 15 kV, and the needle-to-collector plate dis-
tance was maintained at 15 cm (Xing et al. 2014; Wang et al.
2012). The collected nanofibrous mat was cross-linked by 2%
of glutaraldehyde reagent and was subsequently dried under
the infrared lamp light at 40 °C. Thorium ions were success-
fully removed by treating with 0.1 M H2SO4, and the core and
shell system of PVA and chitosan was distracted by 0.1 M
NaOH (Agarwal et al. 2013).
Viscosity measurement
The viscosity of the solution prepared for the electrospinning
was calculated using Brookfield Viscometer (DV II Pro,
Fig. 1 Interaction between chitosan and RTIL
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Brookfield Engineering Laboratories, Inc., USA) at a spindle
speed of 10 rpm under a room temperature of 27 °C. The
viscosity of the solution was found to be 500 cP at relative
humidity of 60%.
Adsorption study
Adsorption study was performed using radioactive thorium
ion solution, and the concentrated stock solution was prepared
from corresponding thorium nitrate salt [Th (NO3)4]. The
known concentration of thorium nitrate was dissolved in de-
ionized water to form a stock solution. The adsorption behav-
ior of chitosan, chitosan/RTIL, and surface ion-imprinted
chitosan/RTIL nanofibers was studied using this stock solu-
tion at room temperature. The pH of the solution was main-
tained by using dilute acids and bases (Qiang et al. 2007). The
periodical analysis of the concentration of the thorium (IV)
ions was monitored through a UV–Vis spectrophotometer
(Lambda-35, PerkinElmer Inc., USA) by observing the ab-
sorption at 655 nm wavelength. The adsorption capacity and
adsorption efficiency at equilibrium can be calculated using
the following equations (Roosen et al. 2014; Kumar et al.
2012; Kundu and Gupta 2006):
Adsorption capacity ¼ q ¼ C0−Ce
M
 V ð1Þ
Adsorption efficiency ¼ C0−Ce
C0
 100 ð2Þ
Where
C0 the initial ion concentration of the Th (IV) ions (mg/L)
Ce the equilibrium ion concentration of Th (IV) ions (mg/L)
Q the equilibrium adsorption capacity (mg/g)
V the volume of solution in (L)
M the adsorbent weight in grams (g)
Results and discussion
Morphological study
The FE-SEM analysis was done to check the morphology of
the chitosan and imprinted chitosan/RTIL nanofibers. Figure 2
shows the surface modifications in the RTIL engineered and
non-engineered nanofibers, wherein the average diameter of
the nanof ibers is 40 nm. The 3% of 1-buty l -3-
methylimidazolium tetrafluoroborate, i.e. RTIL, in the chito-
san nanofibers provide enhances roughness and surface area
(Chaurasia and Singh 2014; Yadav et al. 2003). Furthermore,
the ion impregnation gives a predefined cavity and additional
porosity for the selective adsorption of the thorium ion
(Whitcombe et al. 2014; Soheil et al. 2014; Mudiam et al.
2013). The RTIL-assimilated electrospun nanofibers reveal a
bead-on-string structure, wherein the average diameter of the
beads is 150 nm as shown in Fig. 2b. The generation of the
beads is attributed to the integration of RTIL with chitosan
(Chaurasia and Singh 2014). The imprinted cavity and the
bead-on-string structure of the nanofibers provide an active
surface area for the adsorption of thorium ions.
Chitosan /ionic liquid modeling/simulation study
Classical dynamic simulations were performed on chitosan
and RTIL (room temperature ionic liquid) to analyze the in-
termolecular interactions, miscibility, and compatibility
whereby the interaction sites were restricted to only one repeat
unit each. The basic single-unit structures were created and
geometrically optimized by Forcite module, charged using
QEq, by COMPASS force-field which can predict the struc-
tural, vibrational, and conformational properties most accu-
rately (Ren et al. 2007). The BlendsModule, relating extended
Flory–Huggins theory with molecular simulations (Mudiam
et al. 2013), was used to evaluate the interaction factors, such
as Chi parameter and mixing energy, in addition to the binding
energies for determination of compatibility. In the present
work, the blending parameters were computed over a total of
20 iterations with attuned geometries of chitosan and ionic
liquid as screen and base, respectively, at 298 K reference
temperature. The Amorphous Cell module was used to con-
struct a three-dimensional structure containing 10 molecules
each of chitosan and ionic liquid within the boundary limits
20 × 20 × 12.54 A° to demonstrate the type of bonding present
in the blend system.
The geometrical optimization of chitosan and ionic liquid
allows the calculation of partial charges (Fig. 3) that are set
according to the assigned force-field considering the specified
static bond increments (Ahmadi and Freire 2009), indicating
each atom’s ability to undergo electrostatic or H-bonded inter-
actions (Qiu and Xiao 2009). The total number of units of
ionic liquid, acting as base, packed around a single molecule
of chitosan acting as a screen within the volume bounds gives
the coordination number for the system (Mudiam et al. 2013),
which was computed to be 6, indicating that Screen-Base ratio
should be 1:6 for bulk polymerization (Qiu and Xiao 2009).
Further, the calculated values of Chi parameter (χ) and mixing
energy (Emix) (kcal/mol) were found to be 1.019 and
0.603 kcal/mol, respectively. The blend must be miscible if
the value of χ is less than critical Chi parameter (χc) defined
by modified Flory–Huggins equation (Luo and Jiang 2010;
Jawalkar et al. 2005; Mu et al. 2011; Flory 1953):
χc ¼
1
2
1ﬃﬃﬃﬃﬃ
nA
p þ 1ﬃﬃﬃﬃﬃ
nB
p
 2
ð3Þ
where nA and nB are the number of repeat units of the two
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molecules A and B, respectively. It can be clearly seen that
χ = 1.019 < χc = 2 signifies the miscibility of a system with
slight energy prerequisite, due to the separating tendency of
two components (Zeng et al. 2009) (as Emix > 0). Additionally,
the binding energy of the system was evaluated as
− 2.511 kcal/mol which represents a desirable enthalpic aspect
(Parola et al. 2008) and the similar distribution for binding
energy curves of chitosan–chitosan (Ess), chitosan–ionic liq-
uid (Ebs), and ionic liquid–ionic liquid (Ebb) (Fig. 4) represents
compatibility in the blend system.
The three-dimensional triclinic crystal system built over
200 iterations via amorphous cell module and COMPASS
force-field using 10 molecules each of chitosan and ionic liq-
uid has been shown in Fig. 5.
Adsorption study
The adsorption performance of thorium (IV) ions by chitosan,
imprinted chitosan/RTIL, and non-imprinted chitosan/RTIL
nanofibers has been shown in Table 1. Assimilation of the
RTIL (1-butyl-3-methylimidazolium tetrafluoroborate) with
the chitosan structure enhances the adsorption performance,
due to the polar amalgamation of the ionic charges (Yadav
et al. 2003). Chitosan contains large amount of reactive hydro-
philic functional groups like –NH2 and –OH (He et al. 2014;
Liu et al. 2011a, b). The embodiment of BMIM-BF4 to the
chitosan-entangled structure intrigues to the intercalated struc-
ture and enhances the inter-chain mobility and its flexibility by
the plasticizing effect of RTIL (Wang et al. 2012; Chaurasia
and Singh 2014). The electronegative atom in the 1-butyl-3-
methylimidazolium tetrafluoroborate can form intermolecular
hydrogen bond with the –OH group of the chitosan (Kumar
et al. 2012). The internal structure of the chitosan/RTIL nano-
fibers is more robust than chitosan alone as it possesses the
bead-on-string structure. The enduring negatively charged tet-
rafluoroborate ions in the RTIL can adsorb the positively
charged thorium (IV) metal ions onto it (Kumar et al. 2012),
as shown in Fig. 1, so that the adsorption of RTIL embodiment
chitosan shows more adsorption percentage.
The adsorption behavior of the imprinted nanofibers was
compared with that of non-imprinted nanofibers, whereby the
former showed higher adsorption percentage (Table 1), be-
cause of its specific binding cavity (Whitcombe et al. 2014;
Soheil et al. 2014; Qiang et al. 2007; Ran et al. 2013). The
thorium (IV) ion-imprinted nanofibers can selectively sense
and adsorb that specific ion to the imprinted cavity (Soheil
et al. 2014; Qiang et al. 2007). The tetrafluoroborate ions in
the RTIL and the protonating hydrophilic functional groups in
the chitosan back bone chain accumulate on the imprinted
cavity and attract the positively charged thorium(IV) ions to-
wards it (Kumar et al. 2012). This accumulation phenomenon
reveals the selective sensing of thorium ions, which implies
Fig. 3 Representation of partial
charges on a Chitosan and b ionic
liquid
Fig. 2 FE-SEM micrograph. a
Chitosan nanofibers. b Imprinted
chitosan/RTIL electrospun
nanofibers
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that it can be used in the aquatic media for the selective ad-
sorption of toxic ions.
Effect of pH
This study revealed the effect of pH on the adsorption behav-
ior of chitosan/RTIL nanofibers at a fixed amount of adsorbent
and adsorbate concentration (Fig. 6). The figure elucidates
that the adsorption percentage augments with the increase in
pH, from acidic medium to neutral (pH 3–7) and thereafter
decreases slightly. The decrease in percentage of adsorption is
attributed to the discharge of enormous amount of H+ ions into
the solution, thereby decreasing the interaction of metal ions
with the active imprinted sites and unintended precipitation of
Th (IV) ions in the solution (Gonte et al. 2013; Singh et al.
2014). The variation in the adsorption percentage shows that
pH variation significantly affects the adsorption of thorium
ions onto the nanofibers (Roosen et al. 2014; Gonte and
Kandasubramanian 2012).
Effect of initial thorium Th (IV) ions concentration
The effect of initial thorium (IV) ion concentration on the
adsorption efficiency has been shown in Fig. 7. The adsorp-
tion study is investigated for different thorium (IV) ion con-
centrations (50–250 ppm), wherein the pH of the solution is
kept as neutral. This study elucidates that the adsorption be-
havior of thorium ions varies with the increment of initial Th
(IV) ions due to the driving force incorporated between the
ions and the solid adsorbent (Gonte and Kandasubramanian
2012; Kundu and Gupta 2006), owing to availability of large
number of functional groups present in the imprinted cavity of
chitosan/RTIL nanofibers (Kumar et al. 2012; Roosen et al.
2014). The maximum adsorption efficiency shown by the
chitosan/RTIL nanofibers at optimized condition of neutral
pH and room temperature is observed as 250 mg/L (90%).
Adsorption isotherms
Adsorption isotherms were studied profoundly for the inves-
tigation of fundamental physiochemical characteristics
pertaining to the adsorption of thorium ions by chitosan/
RTIL nanofibers (Singh et al. 2014; Kundu and Gupta
2006). The operational design and modeling analysis of the
metal ion concentration in the solution as a function of
Fig. 4 Graph showing binding energies for different combinations
Fig. 5 Representation of 3D crystal system comprising 10 molecules of
chitosan and ionic liquid each
Table 1 Adsorption performance of different adsorbents
Adsorbent Adsorption efficiency (%)
Chitosan nanofibers 56
Non-imprinted chitosan/RTIL nanofibers 68
Imprinted chitosan/RTIL nanofibers 90
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temperature for the adsorptive system was scrutinized by the
mathematical correlation and graphical depiction (Webber and
Chakkravorti 1974). The adsorption mechanism can be
depicted from the thermodynamic assumptions with physico-
chemical parameters (Webber and Chakkravorti 1974); Foo
and Hameed 2010). Here, we have studied the kinetics
employing the two-parameter adsorption isotherms such as
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich
(D–R) and three-parameter models, like Redlich–Peterson
and Sips isotherm by trial-and-error method (Foo and
Hameed 2010).
Langmuir adsorption isotherm
The Langmuir model states that monolayer adsorption and the
adsorption process only occurs in affixed number of definite
localized sites. The Langmuir adsorption isotherm equation is
as follows (Singh et al. 2014; Kundu and Gupta 2006):
qe ¼ qmax  KL  Ce
1þ KLCeð Þ ð4Þ
where
qe amount of Th(IV) ions adsorbed (mg/g)
Ce the equilibrium concentration (mg/L) of the thorium
(IV) ions
qmax amount of Th(IV) ions adsorbed for a complete
monolayer (mg/g)
KL constant (L/mg)
The linear form of the Langmuir adsorption isotherm is
represented in the following equation:
Ce
qe
¼ 1
KLqmax
þ Ce
qmax
ð5Þ
The qmax and KL were obtained via plotting and RL was
calculated using the following equation:
RL ¼ 11þ KLCo
Co ¼ initial metal ion concentration
ð6Þ
The Langmuir isotherm (Fig. 8a) (Table 2) gives the regres-
sion coefficient (R2) as 0.994 and the RL value as 0.0132,
which suggests that the monolayer adsorption process occurs
without any interaction between the adsorbed ions, i.e., Th
(IV) ions (Webber and Chakkravorti 1974).
Freundlich adsorption isotherm
Freundlich proposed an empirical relation between the adsor-
bate and the adsorbent at a definite pressure (He et al. 2014),
which states that the adsorption process is directly proportion-
al to pressure (Tang et al. 2013). The equation gives adsorp-
tion relation between the heterogeneous adsorptive system
and the energy of the system. This isotherm model is defined
by the following equation:
qe ¼ K F  Ce1=n ð7Þ
where
KF the Freundlich constant related to adsorption
capacity (L/g)
1/n exponent
The linear plot of ln qe vs. ln Ce yields slope of value 1/n
and an intercept ln KF (Foo and Hameed 2010).
The linearized form of the Freundlich equation is written as
ln qe ¼ 1
n
ln Ceþ ln KF ð8Þ
Fig. 6 Adsorption behavior of chitosan/RTIL nanofibers with respect to
pH variation
Fig. 7 Adsorption efficiency with respect to initial Th (IV) ion
concentration
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where
Ce the equilibrium thorium ion concentration
KF the Freundlich constants related to adsorption
capacity (L/g)
n the exponent derived from the plot
The coefficient of determination, i.e., R2, obtained from the
plot of ln Ce vs. ln qe (Fig. 8b and Table 2), is 0.99.
Separation factor
The rate constant of the Langmuir equation (parameter KL) is
used to obtain a dimensionless separation factor (Foo and
Hameed 2010; Mason et al. 2014) and is given by the follow-
ing equation:
Separation factor SFð Þ ¼ 1
1þ CeKL ð9Þ
where
Ce the equilibrium thorium ion concentration (mg/L).
The SF value implies if adsorption is unfavorable
(SF > 1), linear (SF = 1), favorable (0 < SF < 1), or irre-
versible (SF = 0). The SF parameter calculated for the
Fig. 8 a Langmuir isotherm. b Freundlich isotherm. c Temkin isotherm. d D–R isotherm model. e Redlich–Peterson. f Sips isotherm model
Table 2 Adsorption isotherm models
Adsorption
isotherms
Plot Isotherms
parameters
Langmuir Ce vs. Ce/qe KL (L/mg) 1.12
qmax (mg/g) 325
R2 (dimensionless) 0.994
RL (dimensionless) 0.0132
Freundlich ln Ce vs. ln qe n 1.557
R2 (dimensionless) 0.99
KF (L/g) 5.926
Temkin ln Ce vs. qe aT (1/min) 6.001
BT(J/mol) 0.012
R2(dimensionless) 0.962
bT 21 × 10
5
D–R model ln qe vs.
[ln(1/Ce) + 1]2
qmax (mg/g) 160.15
K × 10−6 (mol2/J2) 54.23
R2 (dimensionless) 0.991
Sips ln (Ks/qe) vs. ln Ce as (L/mg) 4.015
R2 (dimensionless) 0.814
Ks 2.425
Redlich–Peterson ln Ce vs.
ln (KR(Ce/qe)
aR (L/mg) 7.632
KR (L/g) 6.1
R2 0.914
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adsorption of thorium ions is 0.00715, which implies that
the adsorption is favorable for the ion-imprinted chitosan/
RTIL nanofibers (Tella et al. 2014).
Temkin adsorption isotherm
Temkin demonstrated the adsorption process on the sub-
stratum of adsorbate–adsorbent interactions (Kumar et al.
2010), which states that the heat of adsorption of all molec-
ular interactions in the adsorbent layer decreases linearly
with the coverage of adsorbent–adsorbate interaction
(Zheng et al. 2009). The Temkin isotherm has been used
to demonstrate either chemisorption or physisorption in-
volved in the adsorption.
The Temkin equation is given by the following equation:
qe ¼ BT ln AT þ RT=bTln Ce ð10Þ
Here, AT and BT are constants related to heat sorption
(J/mol), and R is the universal gas constant (J/mol K). The
value of BT is calculated as
BT ¼ RT=bT ð11Þ
where
T the absolute temperature (K),
BT the energy parameter linked with Temkin isotherm
constant (J/mol).
The graph is plotted between ln Ce vs. qe, (Fig. 8c and
Table 2); the slope and intercepts give the values of BT and
AT, respectively (Gimbert et al. 2008).
Dubinin–Radushkevich (D–R) adsorption isotherm
Dubinin–Radushkevich isotherm gives the Gaussian ener-
gy distribution with adsorption mechanism on heteroge-
neous surface (He et al. 2014), which is not limited by the
heterogeneous surface and the constant adsorption potential
posit. The following isotherm model is also used to estimate
the mean free energy of adsorption. The Dubinin–
Radushkevich isotherm is estimated using the following
equation (Tang et al. 2013):
lnqe ¼ lnqmax−KDε2 ð12Þ
where KD = mean adsorption energy constant (mol
2/J2), and
ε = the Polanyi potential that can be calculated from the
following equation:
ε ¼ RT 1þ 1=Ceð Þ ð13Þ
The plotting between ln qe vs. [ln (1/Ce) + 1]
2 (Fig. 8d and
Table 2) gives the values of qmax and constant KD as 160.15
and 54.23, respectively (Zheng et al. 2009).
Redlich–Peterson isotherm
The Redlich–Peterson isotherm model predicts the kinetics of
homogeneous and heterogeneous systems (Liu et al. 2011a,
b), where the numerator part is taken from the Langmuir ad-
sorption isotherm and the denominator part is applicable to the
wide concentration range (Zheng et al. 2009; Gimbert et al.
2008). The Redlich–Peterson isotherm is expressed by the
following equation:
qe ¼ CeKR
1þ CpeaR
ð14Þ
where
qe the adsorption capacity (mg/g)
KR the isotherm constant for Redlich–Peterson
isotherm (L/g)
Ce the equilibrium constant
p and aR are the Redlich–Peterson constant (mg/L)
The KR and R
2 values obtained from the plot (Fig. 8e and
Table 2) are 6.1 and 0.914, respectively.
Sips isotherm model
The amalgamation of the Langmuir and Freundlich isotherms
results into a hybrid isotherm model known as Sips isotherm.
The following model acts as a Freundlich isotherm at the low
pressure region, and at the high pressure region, it acts as
Langmuir monolayer adsorption (Kumar et al. 2010; Zheng
et al. 2009). The mathematical expression for Sips isotherm
model is given by the following equation:
qe ¼
KsCenð Þ
1þ asCenð Þ ð15Þ
where
KS the sip isotherm constant (L/g)
qe equilibrium adsorption capacity of adsorbent (mg/g)
qmax maximum adsorption capacity of adsorbent (mg/g)
Ce the equilibrium concentration of Th (IV) ion (mg/L)
The R2 value obtained from the plot between ln (Ks/qe) vs.
ln Ce is 0.814 indicates that the model does not fit the adsorp-
tion of thorium ions by chitosan/RTIL-imprinted nanofibers
(Fig. 8f and Table 2) (Gimbert et al. 2008).
The above-mentioned results indicate that the adsorption
process is well agreed and best fits with the adsorption iso-
therms of Langmuir, Freundlich, and D–R models. The
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maximum regression coefficient, i.e., coefficient of determi-
nation, has been shown by the Langmuir adsorption isotherm,
i.e., R2 = 0.994. The adsorption process on the surface of the
chitosan/RTIL nanofibers is attributed to the increment in the
surface ion charges due to the BF4
·− ions in 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIM+BF4
−), which
are imprinted on the chitosan (Kumar et al. 2012; Chenyang
et al. 2014). The imprinted cavities sense the thorium ions, and
these charged ions are attracted towards the cavity (Mudiam
et al. 2013; He et al. 2014).
In the isotherm illustration, n relates to the joint measure of
relative magnitude and diversity of energies associated with
particular sorption process. Weber Jr. et al. demonstrated that
Freundlich-type isotherms results by the virtue of overlapping
pattern of several Langmuir-type sorption phenomena (Weber
et al. 1992). Delle Site reported that 1/n indicates linear ad-
sorption that occurs at very low concentration and low loading
of sorbent. Concave, curved upward, S-type isotherm evolves
when 1/n > 1, which represents enhancement in marginal
sorption energy with increase in surface concentration (Site
2001). This phenomenon is also corroborated as strong ad-
sorption of the solvent, strong intermolecular attraction within
the adsorption layer, and monofunctional nature of the adsor-
bate. In contrast to previous condition, a convex, curved
downward, L-type isotherm corresponds to the 1/n < 1, where
the marginal sorption energy decreases with the increased sur-
face concentration. Since the value of 1/n (= 0.642) in our
study is lower than 1, we presumably believe that the mobility
of compound will be more in higher concentration of solution
and subsequently demonstrates that the studied condition for
Fig. 9 a Pseudo-first order. b Pseudo-second order. c Elovich model. d Intra-particle diffusion model
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Th( IV) ion expu l s ion on to ch i tosan /1 -bu ty l -3 -
methylimidazolium tetrafluoroborate was favorable (Sari and
Tuzen 2009). Talebi et al. have demonstrated mean free ener-
gy of sorption as per Eq. 16 to exemplify the sorption mech-
anism (Talebi et al. 2017). It has been elucidated that if free
energy of sorption is in the range of 1–8 (1 < E (kJ/mol) < 8),
then the physical sorption is the dominant mechanism, and in
contrast to this, if the range is in 8 to 16 (8 < E (kJ/mol) < 16),
the chemical sorption mechanism will be a dominant phenom-
enon. In our study, the free energy of sorption (E = 3.036 kJ/
mol) is lower than 8; therefore, we presumably believe that the
physical sorption mechanism is the dominant phenomenon in
our study.
E ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2KD
r
KJ=mol
Kinetic models
The kinetics study of adsorption process enumerates the po-
tential rate-controlling steps conclusive of mass transport,
chemical reaction process, and the solute removal rate that
regulates the residence time of the adsorbate within the solu-
tion, by analyzing the experimental data (Hall et al. 1996;
Zheng et al. 2009). Adsorption kinetics study was done by
employing pseudo-first-order, pseudo-second-order, Elovich,
and intra-particle diffusion models.
Pseudo-first-order model
Pseudo-first-order model is used to estimate the kad, the mass
transfer coefficient, and it depicts the rate of adsorption of sol-
ute on the adsorbent depending on the capacity of adsorption
(Singh et al. 2014; Kundu and Gupta 2006). The model is
expressed in the following equation (Dhillon andKumar 2015):
log qe−qtð Þ ¼ log qe− k1
2:303
 
t ð16Þ
where
qe and
qt
the amounts of Th (IV) ions adsorbed on the
chitosan/RTIL adsorbent at equilibrium and at time
t, respectively (mg/g)
k1 the first-order adsorption rate constant (min
−1)
The plot in Fig. 9a gives the value of k1 and qe from the
slope and intercept, respectively (Table 3).
Pseudo-second-order kinetic model
The pseudo-second-order kinetics proposed by Ho and
McKay suggested that the number of active surface sites pres-
ent on the adsorbent surface is directly proportional to the rate
(Ho and Mckay 2002; Ho and Mckay 1998; Zheng et al.
2009). This kinetics clearly evaluates the amount of metal ions
adsorbed at the surface. The rate equation can be given as
t
qt
¼ 1
k2qe
þ t
qe
ð17Þ
where
k2 the second-order adsorption rate constant (g/mg min)
qe the adsorption capacity calculated by the pseudo-second-
order kinetic model (mg/g)
The constant k2 is used to calculate the initial sorption rate
Bh^ (mg/g min) (Fig. 9b):
h ¼ k2qe ð18Þ
The linear regression coefficients, i.e., coefficient of deter-
mination, for concentrations of 50, 150, and 250 (ppm) are
0.984, 0.978, and 0.982, respectively (Table 3), which shows
Table 3 Kinetic parameters of
adsorption study Kinetic model Parameters Concentration (ppm)
50 150 200
Pseudo-first order qe (mg/g)
k1 (min
−1)
R2 (dimensionless)
163.3
0.0036
0.982
187.5
0.060
0.984
190.5
0.063
0.921
Pseudo-second order qe (mg/g)
k2 (g/mg min)
R2 (dimensionless)
297.6
0.023
0.984
460.26
0.0612
0.978
512.63
0.079
0.982
Elovich Model ∑
R2 (dimensionless)
θσ
0.360
0.960
0.0264
0.485
0.984
0.0442
0.496
0.975
0.05
Intra-particle diffusion model Kint (mg/g min
0.5)
R2 (dimensionless)
25.8
0.97
32.1
0.981
36.5
0.969
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that pseudo-second-order kinetics is the best-fitting model for
the current adsorption process.
Elovich model
This model is based on the adsorption capacity of the adsor-
bent, i.e., chitosan/RTIL nanofibers, towards the metal ions,
i.e., thorium ions. Zeldowitsch established the chemisorption
process in the kinetic law, and the rate of adsorption is de-
scribed in the form of Elovich model (Ho Ho and Mckay
2002; Ho and Mckay 1998; Djeribi and Hamdaoui 2008;
Shafey 2010). The Elovich equation is considered to be the
best model for describing rate equation for adsorption capacity
on highly heterogeneous adsorbent given by the following
equation (Djeribi and Hamdaoui 2008):
dqt
dt
¼ αe−βqt ð19Þ
where
α initial adsorption rate (mg/g min)
β the desorption constant related to the extent of surface
coverage (g/mg) and activation energy for chemisorption.
The above equation is given in linearized form as (Djeribi
and Hamdaoui 2008)
qt ¼
lnαβ
β
þ lnt
β
ð20Þ
The regression coefficient, i.e., coefficient of determina-
tion, and its parameters have been shown in the plot (Fig. 9c
and Table 3), which estimates the close contiguity of thorium
ion adsorption to the Elovich model.
Intra-particle diffusion model
The mathematical relationship for the intra-particle diffusion
in terms of the geometry of the adsorbent particles proportion-
al to the half power of time has been given by the intra-particle
diffusion model, and it is expressed by the following equation
(Singh et al. 2014; Ho and Mckay 1998):
qt ¼ Kint:t0:5 ð21Þ
where
Kint the intra-particle diffusion rate constant (mg/g min
0.5)
t time (min)
The value of Kint and linear regression coefficient, i.e.,
coefficient of determination, from the plot (Fig. 9d) is shown
in Table 3.
Fig. 10 Desorption performance of chitosan/RTIL nanofibers in various
reagents with respect to time (min)
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Fig. 11 Thermodynamic performance of chitosan/RTIL nanofibers
Table 4 Desorption performance of chitosan/RTIL nanofibers in vari-
ous reagents
Reagent Time of contact
(min)
Desorption
efficiency (%)
0.1(M) HCl 5
15
30
35.4
61.35
71.52
0.1 M HCOOH 5
15
30
45.32
65.65
96.24
0.1 M CH3COOH 5
15
30
40.32
62.56
93.56
Citric acid 5
15
30
35.65
59.7
69.46
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Desorption study
The recoverability and reusability of chitosan/RTIL nanofi-
bers are investigated by desorption experiments at neutral
pH using various reagents like 0.1 M HCOOH, 0.1 M
CH3COOH, 0.1 M HCl, and citric acid (Singh et al. 2014).
Among these, 0.1 M HCOOH and 0.1 M CH3COOH are the
best desorption agents for the recoverability of the Th (IV)
ions because of the displacement of H+ ions (Gonte et al.
2013), which attains maximum desorption of 96.24 and
93.56% by the acetic acid and formic acid within 30 min.
The recycled nanofibers of chitosan/RTIL can be used for
seven times according to our study. Percentage of adsorbed
thorium (IV) desorbed from the chitosan/RTIL nanofibers has
been shown in Table 4 and Fig. 10.
Adsorption thermodynamics
Van’t Hoff plot is utilized for investing thermodynamic pa-
rameters like free enthalpy (ΔH0), free entropy (ΔS0), and
Gibbs free energy change (ΔG0), which predicts the spon-
taneity of the adsorption process (Singh et al. 2014). Van’t
Hoff plot (Jawalkar et al. 2005) is plotted using the follow-
ing equations:
ln Kd ¼ ΔS0=R−ΔH0=RT ð22Þ
Kd ¼ qe=Ce ð23Þ
where
R the universal gas constant
T absolute temperature (K)
The plot of ln Kd versus 1/T is used for finding the ΔH0 and
ΔS0 values (Fig. 11 and Table 5).
The Gibbs free energy change is calculated by following
equation:
ΔG0 ¼ ΔH0−TΔS0 ð24Þ
The spontaneity of the process can be predicted by the
negative value of ΔG0, and the experimental result from the
analysis of adsorption in temperature range of 293 to 313 K
gives the negative value of ΔG0 which confirms the
spontaneous exothermic adsorption (Gonte et al. 2012).
Mohapatra et al. elucidated that the negative value of ΔH0
represents the exothermic sorption mechanism, and the
positive value of ΔS0 delineates the increased randomness
at solid solution interface. We presumably believe that our
study follows analogous behavior at the studied conditions
(Mohapatra and Anand 2007).
Conclusions
The present work explicates the chitosan/RTIL (1-butyl-3-
methylimidazolium tetrafluoroborate) nanofibers for the se-
lective adsorption of thorium (IV) ions from the mimicked
effluent system with maximum adsorption efficiency of 90%
at pH = 7 and at a temperature = 298 K within 120 min. The
inter-blend compatibility and miscibility between chitosan
and 1-butyl-3-methylimidazolium tetrafluoroborate has been
confirmed by the theoretical modeling using the Materials
Studio software. The average diameters of chitosan/RTIL
nanofibers and beads-on-string structure are found to be 40
and 150 nm, respectively, as confirmed by the FE-SEM anal-
ysis. The adsorption experimental data is well fitted with the
Langmuir isotherm (R2 = 0.994) and pseudo-second-order
kinetics model (R2 = 0.982), which confirm the monolayer
adsorption, and the spontaneous exothermic process as con-
firmed by the thermodynamic analysis. The experimental
analysis, isotherm models conjoint with kinetic models, and
the simulation study confirm that the chitosan/RTIL-imprinted
nanofibers can be effectively used for the selective adsorption
of thorium ions and possesses the future prospect for the re-
moval of other toxic metal ions from the effluent waste.
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Table 5 Thermodynamic
calculation of chitosan/RTIL Temp (K) 1/T ln Kd ΔH ΔS TΔS ΔG = ΔH-TΔS
(kJ/mol)
293.15 0.00341 1.8 − 19,774.9 63.46 18,604.25 − 38.3791
298.15 0.00335 1 − 19,774.9 63.46 18,921.57 − 38.6964
306.15 0.00326 − 1 − 19,774.9 63.46 19,429.27 − 39.2041
313.15 0.00319 − 3.2 − 19,774.9 63.46 19,873.51 −39.6484
323.15 0.00309454 − 4 − 19,774.9 63.46 20,508.15 − 40.283
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